Biopersistence of respirable particles in the lung is an important indicator for estimating the effects of the particles on the lung 1) , and its relationship with physicochemical properties of particles has been studied [2] [3] [4] . We previously reported that long and insoluble fibers persist in the lung for a long time [5] [6] [7] . International Agency for Research on Cancer summarized that as the solubility per unit surface area of vitreous fibers decreases, the biopersistence of fibers longer than 20 µm increases, producing histopathological changes 8) . If the correlation between such physicochemical factors and the biopersistence in the lung is clarified quantitatively, the measurement of these factors is available as a preliminary screening test for the hazard level of new chemical substances prior to conducting animal experiments. Focusing on the solubility among these physicochemical factors, a measurement system for asbestos substitutes was previously proposed 9) , and it indicated a relationship between solubility of long fiber and lung injury. This system is very precise but requires much time and effort because of the simulation of physiological conditions. Respirable dusts needed to be investigated for their health effects in the working environment contain not only long fibers and also small particles and short fibers, therefore it is important to measure the solubility of these small dusts simply and rapidly and to investigate the relation between their solubility and lung injury. In this study, the solubility of 6 types of dust, two respirable particles and three short fibers (>20 µm, <1~3%) as well as one longer fiber (>20 µm, 30%), was determined using a simple apparatus devised by us, in which the solutions surrounding the samples change continuously. In addition, the relationship between the solubility determined in this experiment and the biopersistence in the lung and pathological changes in intratracheal injection and inhalation exposure in our previous rat studies was investigated, in order to determine whether or not solubility has potential as an indicator for estimating the effects of particles and fibers on the lung.
Materials and Methods
Four types of fibers and 2 types of particle were used as the samples. They were magnesium sulfate whisker (MW; UBE Industries, Japan), calcium silicate fiber (CF; UBE Industries, Japan), magnesium silicate fiber (MF; NICHIAS corporation, Japan), potassium octatitanate whisker (JFM standard reference sample named PT1; Japan Fibrous Materials Research Association (JFMRA)), crystalline silica (CS; US Silica company, USA) and limestone (LS) from a mine in Japan. Electron micrographs of the respective samples are shown in Fig.  1 . The abbreviated names, chemical compositions and geometrical configurations of the respective substances are shown in Table 1 . The geometric mean diameter and length (geometric standard deviation) of the fibers were determined from their electron micrographs and the geometric mean diameters (geometrical standard deviation) of the particles were determined using a particle size analyzer (Microtrac FRA, Nikkiso, Japan).
The outline of the solubility measurement apparatus by the flow-through system is shown in Fig. 2 . One milligram of sample was suspended in the solution between the 0.22-µm membrane filter on the inlet side and the outlet side of a cassette of a 37-mm air sampler. Phosphate buffered saline (0.01 M, pH 7.2) flowed upward from the lower part of this cassette at a rate of 12 ml/h.
The effluent passing through the cassette was collected from the upper part at different times to determine the pH and to quantify the ion concentrations of the main components of the sample. The main components in the effluent (magnesium for MW, silicon for CF, MF and CS, titanium for PT1 and calcium for LS) were determined using an Inductively Coupled PlasmaAtomic Emission Spectrometer (ICP-AES, SPS-1500R, SII, Japan) and the dissolved amounts of the respective samples were calculated from the contents of the elements by percentage of the samples.
Result and Discussion
As the pH of the effluent was the same as that of the influent for all the samples, this method of solubility measurement is considered to reflect the dissolution of samples in the lung. The time-course changes in the Short Communication cumulative dissolved amount of the respective samples are shown in Fig. 3 . MW dissolved very rapidly from immediately after the start, and almost the whole amount was dissolved within 4 or 5 h. LS and CF also dissolved rapidly, almost all being dissolved within 24 h. However, the cumulative dissolved amounts of MF, CS and PT1 were less than 5% of their initial amounts even after 24 h. The initial cumulative dissolved amount up to 5 h after the start of experiment was higher in the order of MW>LS>CF>>MF≥CS≥PT1: 1000, 700, 450, 14, 11 and 0 µg, respectively.
The relationship between the dissolved amount (initial cumulative dissolved amount up to 5 hours) determined in this experiment and the experimental results related to biopersistence in rodent lungs and the pathological changes observed by us in the past is shown in Table 2 . Biopersistence in the lung (biological half time) was determined by chemical analysis of the amount of samples deposited in rat lungs excised at different time points after intratracheal injection. Histopathological changes of the lung after exposure to PT1 and CS, which show high biopersistence in the lung, were observed in our previous experiment. For CS, expanding alveolitis, type II epitheliall-cell hypertrophy and hyperplasia, and alveolar lipoproteinosis were observed 15) , and for PT1, mild fibrotic changes around macrophages that had engulfed the fibers were observed 16) . Based on these results and the results of the present study, we consider that highly soluble particles and fibers are rapidly cleared from the lung while having only minor effects on the lung.
The relation between solubility and toxicity in rodents has been studied in detail regarding man-made vitreous fibers, and the results support a strong association between the solubility and biopersistence of long fibers (over 20 µm) and carcinogenicity or fibrogenicity 8) . However this data is for asbestos substitutes and there are only few data about particles and short fibers. As the clearance mechanisms of particles/fibers in the alveolar region are dissolution in lung fluids and transfer by macrophages, the long and insoluble fibers are thought to be retained in the lung for a long time. On the other hand, as particles and short fibers are cleared by both mechanisms, the clearance becomes more complicated. However, when the dissolution rate is extremely fast compared with the translocation rate from the lung, dissolution becomes the major clearance mechanism regardless of the geometrical configuration of the particles or fibers. Therefore, the particles or fibers with high solubility are expected to be quickly cleared from the lung and to have few adverse In this study, four fibers and two particles indicated a good relationship between the solubility in vitro and the biopersistence or histopathology in vivo, and this simple solubility measurement apparatus is sufficiently effective as a rapid screening test for pulmonary effect. Further investigations including geometrical change in lungs, dissolution test at low pH 17) etc. with more kinds of particles/fibers will make possible the prediction of the pulmonary effect in vivo from physicochemical properties in vitro.
Conclusion
The solubility measurement apparatus devised by us is simple, sufficiently effective at identifying highly soluble particles/fibers, and has the potential to estimate the influence of airborne particles in the environment on the lung.
